Background {#Sec1}
==========

Rotavirus is the most common cause of severe diarrheal disease in children worldwide \[[@CR1]\] and kills approximately 215,000 children each year \[[@CR1]\]. Almost all unvaccinated children will have experienced one or more rotavirus diarrheal episodes, regardless of their living conditions, by the age of five \[[@CR2]\]. About one third to half of hospitalized cases of diarrheal illness in under 5 s are associated with rotavirus, with a peak incidence in children 6--24 months old \[[@CR3], [@CR4]\]. In temperate climates, rotavirus diarrhea occurs in seasonal peaks during cooler months, whilst in island populations rotavirus diarrhea is constant throughout the year with a moderate peak in the cooler dry months \[[@CR3], [@CR5]\].

In 2009, the World Health Organization (WHO) recommended all infants be routinely immunized with rotavirus vaccine to prevent rotavirus disease \[[@CR6]\]. Currently licenced rotavirus vaccines (Rotarix®, GSK, RotaTeq®, Merck, ROTASIIL®, Serum Institute of India, ROTAVAC®, Bharat Biotech) are safe and effective against rotavirus acute gastroenteritis (AGE) \[[@CR7]--[@CR11]\]. From a global review, the median percentage reduction in AGE hospitalizations overall was 38% and for those rotavirus AGE hospitalizations and emergency department visits an overall reduction of 67% were observed \[[@CR12]\], with greater vaccine coverage leading to greater reductions \[[@CR13]\]. The effectiveness of rotavirus vaccine in gastroenteritis-related hospitalizations appears to be lower in low-income countries compared with high-income countries (\~ 50% vs. 98%) \[[@CR14]\]. A reason for this discrepancy may be due to poorer immunological responses to this oral vaccine due to the effect of malnutrition on gut function \[[@CR15]\] or the inhibitory effect of maternal antibodies and co-administration of other vaccines such as oral poliovirus vaccine \[[@CR16]\]. A study from Malawi found that stunted infants less than 12 months old had a non-significant lower vaccine effectiveness compared with their well-nourished counterparts \[[@CR14]\]. Therefore understanding the situation of malnutrition is important when assessing the impact of rotavirus vaccine in a population.

Few low- or middle-income countries in the Asia-Pacific region have introduced rotavirus vaccine into their national immunization schedules, despite rotavirus causing 43.3% of childhood diarrhea admissions from 2008 to 2016 \[[@CR15]\]. Kiribati has one of the highest child mortality rates in the Pacific and, due to substantial challenges with provision of safe drinking water and effective sanitation \[[@CR17]\]. Kiribati is prone to regular AGE outbreaks and has high rates of childhood malnutrition \[[@CR17]\]. In Kiribati, AGE is estimated to cause 10.7% of all deaths in under 5 s \[[@CR18]\]. In 2002, 11% of all hospitalizations in children under four years were due to AGE \[[@CR17]\]. Acute respiratory disease and diarrhea have been shown to be common causes of admission in children under 15 years in Kiribati, with malnutrition as an important contributor to poor health \[[@CR17]\]. In 2002, malnutrition contributed to 0.8 and 0.7% of all reported cases of disease affecting children under 1 year and 1--4 years, respectively \[[@CR17]\]. Prior to rotavirus vaccine introduction, Kiribati experienced large diarrheal outbreaks in 2013 and 2014, with up to 70% of cases affecting children under 5. The 2013 outbreak occurred in July, with 81% of stool specimens testing positive for rotavirus. During that outbreak, 1118 of the reported cases occurred in South Tarawa with 108 hospitalizations and six deaths of children under 5 \[[@CR19]\]. The 2014 outbreak occurred between September and October 2014, affecting 2513 children, inclusive of seven deaths. Sixty-six percent of stool samples tested in the 2014 outbreak were positive for rotavirus. To address this high burden of AGE, Kiribati introduced a comprehensive package to improve child survival in August 2015, which included adding rotavirus vaccine to their national immunization schedule. The aim of this study was to estimate the effect of rotavirus vaccine on AGE and severe acute malnutrition (SAM) rates in young children in Kiribati.

Methods {#Sec2}
=======

Study location {#Sec3}
--------------

Kiribati is comprised of 33 atolls and low-lying reefs, widely scattered along the Equator in the central Pacific Ocean with a population of approximately 110,000 (according to the country's 2015 census), with about 11,000 children aged under 5 \[[@CR17]\]. In the Pacific region, Kiribati has the lowest level of development with regards to mortality, morbidity, living conditions and per capita Gross Domestic Product, contributing to its least developed country status \[[@CR17]\]. Health care is provided free of charge. The island of Tarawa is home to approximately 60% of the total population of Kiribati. Tarawa has a total area of 500 km^2^, with a well-established road running the length of the island, making health care readily accessible to the island population. Patients who require further care are either referred to or seek care at one of the two hospitals on Tarawa: Betio Hospital in Betio or Tungaru Central Hospital (TCH), in Bikenibeu. TCH is the main hospital for Tarawa and also the referral hospital for both Betio Hospital and the outer islands. Rotavirus vaccine (Rotarix©, GSK) was introduced in August 2015 as a two-dose schedule at six and 14 weeks of age. The second dose coverage for rotavirus vaccine was 79% in 2016 and 91% in 2017 \[[@CR20]\].

Study population {#Sec4}
----------------

Hospitalized AGE cases were defined as any child aged under 5, with a primary discharge diagnosis of acute diarrhea or gastroenteritis admitted to TCH or Betio Hospital from January 2010 to September 2017. Cases of chronic or persistent diarrhea, bloody diarrhea, and dysentery, recorded at discharge, were excluded. Outpatient diarrhea cases were all acute diarrhea cases reported by clinicians from hospitals and clinics throughout the country to the Health Information Unit (HIU) of Ministry of Health and Medical Services (MHMS).

Hospitalized SAM cases were defined as any child under 5, with a primary discharge diagnosis of severe malnutrition, malnutrition, failure to thrive, very low weight, marasmus, or kwashiorkor admitted to TCH or Betio Hospital from January 2010 to September 2017.

Data collection {#Sec5}
---------------

Inpatient AGE and SAM data were collected for all under 5 hospitalizations at TCH. Primary discharge diagnosis data were collected from electronic records for the time periods January 2010--December 2013 and January 2016--September 2017. Variables collected were date of birth, date of admission, date of discharge, sex, residence, discharge diagnosis, and outcome (dead/alive).

For outpatient AGE cases in under 5 s, electronic data of total monthly counts of diarrhea/AGE were supplied from the HIU of MHMS and were collected for the time period January 2010--September 2017. These data were reported to HIU on a monthly basis from the clinics and outpatient departments throughout Kiribati. Individual case information and outcome were not available for this data set.

Prior to rotavirus vaccine introduction, rotavirus testing was only performed on a limited number of samples to confirm a diarrhea outbreak. Since 2015, rapid testing has been available at TCH and only used for diarrhea outbreak confirmation. Available rotavirus testing data was collected from the clinical laboratory located in TCH.

Data analysis {#Sec6}
-------------

Patient characteristics for both AGE and SAM were compared in pre- and post-rotavirus vaccine periods using chi-square tests. The pre-rotavirus vaccine period was defined as January 2010 to December 2013 and the post-rotavirus vaccine period was defined as January 2016 to September 2017. TCH catchment population was defined as children under 5 residing on Tarawa for monthly inpatient incidence calculations. Hence, only hospitalized AGE and SAM cases residing on Tarawa were included in the population-based analysis for hospitalized cases. For outpatient AGE cases, national population data were used as denominators to calculate the incidence of AGE nationwide. The population denominator data were obtained from the official 2010 census. The age groups in the 2010 census relevant for this review were less than 12 months, 12--23 months, and total under 5. We used 75% of the total under 5 population as the number of children aged 24--59 months old. A 2.2% growth rate was applied per annum to the 2010 census data to calculate the 2011--2017 under 5 population.

An interrupted time series analysis was used to estimate vaccine impact on both inpatient and outpatient AGE and inpatient SAM. The intervening years of 2014--2015 were excluded from analysis due to the hospital database transitioning to a new electronic recording system and data being unreliable during this time period, as evidenced by a 20% discrepancy in AGE counts between the paper-based ward registers and the electronic hospitalization system. In addition, the known outpatient AGE outbreaks were not co-incident with an increase in AGE admissions over the same time period, so the completeness of inpatient data captured during 2014--2015 was suboptimal.

Poisson regression models were fitted to monthly inpatient/outpatient counts. The interrupted time series models included a parameter for time (months since review commencement), a binary variable representing the introduction of the vaccine and an interaction between vaccine introduction and time, to allow for a change in the slope of the trend. The model included a scaling adjustment to handle over-dispersion. The models for AGE also adjusted for outbreaks that occurred in July 2013 and September 2014. To enable estimation of rates, the models included the logarithm of the population estimates as an offset variable. To calculate percentage declines, we estimated counterfactual rates in the absence of vaccine. This was done by fitting the model to the pre-vaccine data and then extrapolating the trend out to the post-vaccine period. The percentage reductions were estimated by comparing the extrapolated/counterfactual values to the model predictions fitted to the observed post-rotavirus vaccine data. All analyses were done in Stata 15.1 (StataCorp, US).

Results {#Sec7}
=======

Post-rotavirus vaccine introduction, the median age of AGE admissions significantly increased from 13.8 to 17.7 months of age (Table [1](#Tab1){ref-type="table"}). In addition, the percentage of AGE contributing to all-cause admissions declined by 43.7% (12.8% vs. 7.2%, *p* \< 0.001), and by 64.2% for all-cause mortality (15.9% vs. 5.7%, *p* = 0.006), post-rotavirus vaccine introduction. Table 1Characteristics of AGE^1^ hospitalizations in children aged under-five pre- (January 2010--December 2013) and post-rotavirus vaccine (January 2016--September 2017) introduction, TCH^2^, KiribatiCharacteristicsPre-vaccine *n* = 431Post-vaccine *n* = 102*p*-valueMedian age in months, (IQR)^3^13.8 (9.5--20.1)17.7 (11.1--24.3)\< 0.001Sex (male), n (%)251 (58.2%)64 (62.7%)0.41Case fatality, n (%)34 (7.9%)^4^7 (6.9%)0.74All-cause admissions due to AGE^1^, n/N (%)431/3361 (12.8%)102/1407 (7.2%)\< 0.001All-cause mortality due to AGE^1^, n/N (%)34/213 (15.9%)^4^7/122 (5.7%)0.006^1^*AGE* Acute gastroenteritis^2^*TCH* Tungaru Central Hospital^3^*IQR* Interquartile range^4^ Outcome of two cases unknown

The incidence of hospitalized AGE in children both less than 1 year and 1--2 years old in the pre/post-rotavirus vaccine era were significantly different (Fig. [1](#Fig1){ref-type="fig"}). However the incidence of hospitalized AGE in children older than 2 years in the pre/post-rotavirus vaccine era were similar (pre-vaccine, 299 per 100,000 (95%CI 232--379) vs. post-vaccine, 261 per 100,000 (95%CI 174--378). Fig. 1Annual incidence rate of under 5 AGE^1^ admissions to TCH^2^ in the pre- (January 2010--December 2013) and post-rotavirus vaccine (January 2016--September 2017) periods^3^, Tarawa, Kiribati. ^1^AGE = acute gastroenteritis. ^2^ TCH = Tungaru Central Hospital. ^3^ Rotavirus vaccine was introduced in August 2015

In the early post-rotavirus vaccine introduction period, there was one reported diarrheal outbreak in South Tarawa from mid-August 2016 to the end of September 2016, with few pediatric inpatient and outpatient cases. Eighty-seven samples collected from under 5 s admitted to TCH were tested for rotavirus in the post-vaccine period. Of those, 38 (44%) were positive for rotavirus, with 20 (53%) from children that were age-eligible for vaccination.

The monthly incidence rate of AGE admissions to TCH in cases under 5 was compared in the pre- and post-rotavirus vaccine periods. There was an estimated 37% decline in AGE admissions in under 5 s, two years after vaccine introduction (Fig. [2](#Fig2){ref-type="fig"}). Fig. 2Interrupted time series analysis of the monthly incidence rate of under 5 AGE^1^ admissions in the pre- (January 2010--December 2013) and post-rotavirus vaccine (January 2016--September 2017) periods^2^, Tarawa, Kiribati. ^1^AGE = acute gastroenteritis. ^2^ Rotavirus vaccine was introduced in August 2015^.^ Legend: The purple solid line is the pre-rotavirus vaccine trend based on the model fitted to the observed data in the pre- vaccine period; the purple dashed line is extrapolated from the model fitted to the pre- vaccine data and represents the counterfactual trend that would be expected if the vaccine had not been introduced; the orange solid line is the post-vaccine trend based on the model fitted to the observed data two years post- vaccine introduction

There was an estimated 44% decline in national outpatient diarrheal presentations in under 5 s in the two-year period post-rotavirus vaccine introduction (Fig. [3](#Fig3){ref-type="fig"}). Fig. 3Interrupted time series analysis of the monthly incidence rate of under 5 with outpatient AGE^1^ during the pre- (January 2010--August 2015) and post-rotavirus vaccine (September 2015--September 2017) periods^2^, Kiribati. ^1^AGE = acute gastroenteritis. ^2^ Vertical line on figure denotes the month rotavirus vaccine was introduced. Legend: The purple solid line is the pre-rotavirus vaccine trend based on the model fitted to the observed data in the pre-vaccine period; the purple dashed line is extrapolated from the model fitted to the pre-vaccine data and represents the counterfactual trend that would be expected if the vaccine had not been introduced; the orange solid line is the post-vaccine trend based on the model fitted to the observed data post- vaccine introduction

Post-vaccine introduction, the median age of SAM cases increased significantly compared to the pre-period, as did the contribution of SAM to all-cause admissions (Table [2](#Tab2){ref-type="table"}). Table 2Characteristics of SAM^1^ hospitalizations in under-fives pre- (January 2010--December 2013) and post-rotavirus vaccine (January 2016--September 2017) introduction, TCH^2^, KiribatiCharacteristicsPre-vaccine *n* = 163Post-vaccine *n* = 138*p*-valueMedian age in months, (IQR)^3^13.0 (8.9--18.1)16.0 (11.8--23.8)\< 0.001Sex (male), n (%)80 (49.1%)84 (60.8%)0.07Case fatality, n (%)33 (20.2%)^4^16 (11.6%)0.08All-cause admissions due to SAM^1^, n/N (%)163/3198 (5.1%)138/1269 (10.9%)\< 0.001All-cause mortality due to SAM^1^, n/N (%)33/213 (15.5%)^4^16/122 (13.1%)0.55^1^*SAM* Severe acute malnutrition^2^*TCH* Tungaru Central Hospital^3^*IQR* Inter-quartile range^4^Outcome of one case unknown

There was a decrease of 24% in the estimated monthly incidence rate of SAM admissions in under 5 s at TCH in the two-year period post-rotavirus vaccine introduction (Fig. [4](#Fig4){ref-type="fig"}). Fig. 4Interrupted time series analysis of the monthly incidence rate of under 5 s admitted with SAM^1^ in the pre- (January 2010--December 2013) and post-rotavirus vaccine (January 2016--September 2017) periods^3^, TCH^2^, Kiribati**.**^1^ SAM = severe acute malnutrition. ^2^ TCH = Tungaru Central Hospital. ^3^ Vertical line on figure denotes the month rotavirus vaccine was introduced. Legend: The purple solid line is the pre-rotavirus vaccine trend based on the model fitted to the observed data in the pre-vaccine period; the purple dashed line is extrapolated from the model fitted to the pre-vaccine data and represents the counterfactual trend that would be expected if the vaccine had not been introduced; the orange solid line is the post-vaccine trend based on the model fitted to the observed data two years post-vaccine introduction

Discussion {#Sec8}
==========

Close to two years post-rotavirus vaccine introduction, we found an estimated 37% decline in AGE admissions for children under 5. Findings are consistent with a recent global review of all-cause AGE for the first 10 years since rotavirus vaccine licensure \[[@CR21]\], with median percentage reductions of 38 and 46% in AGE hospitalizations overall and in countries with high child mortality rates respectively \[[@CR21]\]. There are few studies from similar settings in the Pacific. An unpublished study from Fiji found a 39% decline in all-cause AGE hospitalisations in under 5 s, five years following the introduction of rotavirus vaccine (pers. comm. F. Russell).

Differences in effect sizes on rotavirus impact on AGE between countries are likely due to differences in health seeking behaviour, access to health care, admission criteria, other causes of AGE, rotavirus vaccine coverage, time since introduction, interactions with other vaccines, effect of maternal antibodies, the presence of comorbidities and environmental factors \[[@CR15], [@CR16]\]. As our estimates are based on a single observed time point, close to two years post-rotavirus vaccine introduction, further follow up is recommended to measure trends over a longer period. In addition, we were unable to verify the completeness or accuracy of the data sources. However, we found that this temporal decline in AGE admissions did not occur in children greater than two years old, an age group ineligible for vaccine. We would not expect a decline to occur in this unvaccinated older age group close to two years post-vaccine introduction as herd protection was unlikely to manifest so early following vaccine introduction \[[@CR20]\]. Furthermore, the median age of AGE hospitalizations increased in the post-rotavirus vaccine introduction period, suggesting infants who were age-eligible for vaccine were protected (direct effects), but older age-ineligible children were not yet protected by herd immunity. This provides supportive evidence the temporal decline in AGE hospitalizations following rotavirus introduction is due to the direct effects of rotavirus vaccine.

Six years prior to rotavirus vaccine introduction, Kiribati experienced repeated diarrheal outbreaks, with up to 70% of cases affecting children under 5. Following rotavirus vaccine introduction, there was one reported diarrheal outbreak in South Tarawa from mid-August 2016 to the end of September 2016. Comparing the outbreaks in 2013, 2014 and 2016, the 2016 outbreak had fewer inpatient and outpatients cases than either of the two previous outbreaks. Moreover, we found a 44% reduction (12.8 to 7.2%, *p* \< 0·001) in the contribution of AGE to all-cause childhood admissions at TCH. However, 52% of rotavirus positive diarrheal samples tested in the post-vaccine period were collected from vaccine age-eligible children. It was unknown whether these rotavirus diarrheal cases were vaccine failures or if the children were unvaccinated, as their vaccination status was not recorded. Nevertheless, we expect that the benefits of rotavirus vaccine are yet to fully manifest, as the population effects are likely to unfold over subsequent years.

Further supportive evidence the temporal decline in AGE is due to rotavirus vaccine was the 44% decline in national AGE outpatient presentations close to two years post-rotavirus vaccine introduction. Possible alternate reasons for this decline may be a reduction in presentations to outpatient clinics due to children being treated at home, decline in reporting rates from clinics, or rotavirus not in circulation during the post-vaccine period. Changes in health-seeking behaviour would be unlikely, as health care is publicly funded and access to care likely improved over this time due to the completion of the main road linking the full length of the island of Tarawa. Clinic reporting rates have improved since rotavirus vaccine introduction with the establishment of report monitoring by the HIU of MHMS (pers. comm K. Corbett, Chief Health Information Officer). The most likely explanation would be the reduction of rotavirus transmission in the community through introduction of rotavirus vaccine, or no importation of rotavirus in the community. Therefore, it is important to continue surveillance of diarrheal disease and undertake further evaluations in the future to ensure diarrheal rates continue to decline.

Prior to rotavirus vaccine introduction, diarrhea in Kiribati was a major contributor to the under 5 mortality rate of 56 per 1000 live births \[[@CR22]\]. Following rotavirus vaccine introduction, we found a 64.2% reduction in all-cause childhood mortality due to AGE which is much higher than the median reduction of 40% reported in the global review post-rotavirus vaccine introduction, in high child mortality settings \[[@CR21]\]. The additive effect of other interventions in the broad integrated Child Survival Package in Kiribati rather than rotavirus vaccine alone is likely to have contributed to the larger reduction observed. These interventions included high-impact, low-cost solutions linking immunization with reproductive, maternal, newborn, child and adolescent health, the Integrated Management of Child Illness, and nutrition programmes that actively promote exclusive breastfeeding and vitamin A supplementation; working jointly with water and sanitation interventions; and building an uninterrupted supply of oral rehydration salts and zinc for the treatment of AGE. These interventions would confound the impact of rotavirus vaccine, particularly for mortality.

Hospitalized SAM cases decreased by 24% two years following vaccine introduction. However, the percentage of SAM contributing to all-cause admissions significantly increased during the post-vaccine period. SAM is often listed as a comorbidity on the discharge diagnoses with AGE or other conditions, rather than the primary cause of admission. With a decline in diarrhea, it is likely that this increase in SAM's contribution to all-cause admissions is due to SAM no longer being identified as a comorbidity but rather the primary reason for hospitalization, resulting in an unmasking effect. Furthermore, the improved identification, referral and case management of SAM cases due to the child survival package being introduced at a similar time may have affected the findings. Nonetheless, our results highlight the high burden of SAM in Kiribati. Even though the burden of SAM was still high in the post-rotavirus vaccine evaluation, the incidence, case fatality ratio and contribution of SAM deaths to all-cause hospital mortality in under 5 s declined in the post-rotavirus vaccine period, suggestive of improvements in case management. However, the true burden of SAM is unknown, as most SAM cases are not hospitalized, rotavirus AGE may be occasionally incorrectly coded as SAM and AGE also contributes to transient SAM. Thus the SAM burden we found in our study is likely to be an underestimate of the true burden in Kiribati. In other studies, the presence of SAM has been shown to increase the odds of mortality in children suffering diarrhea as a primary diagnosis \[[@CR23]--[@CR26]\]. However, we could not verify this in our study, as individual medical records were not available for review.

In addition to the limitations we have already outlined, causation between rotavirus vaccine introduction and the decline in outpatient and inpatient AGE cannot be established. Also we did not include a sensitivity analysis on the effects of excluding the 2014--2015 data on the final results or take into account any possible transiency of the population or misreporting of residence that potentially could have affected the results. We were unable to adjust for confounders, such as seasonality and breastfeeding. However, we have outlined compelling evidence to suggest a temporal relationship between vaccine introduction and declines in AGE due to the differential age effect. We were unable to calculate vaccine effectiveness, as rotavirus testing is not routinely performed on AGE samples and individual vaccination status was not known for each case.

Conclusions {#Sec9}
===========

Following the introduction of rotavirus vaccine in Kiribati, there have been declines in morbidity and mortality of AGE and inpatient SAM. These declines are likely due to rotavirus vaccine and the integrated child health package introduced. This reduction in AGE is likely to lead to a substantial impact on health worker workload. Continued monitoring of trends in diarrheal disease in children under 5 and SAM is required to document the full impact of rotavirus vaccination and other child health interventions. These data will be needed to support the continued use of these interventions in Kiribati and support their implementation elsewhere.
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